Introduction
The significant increase of trade flows among developed and developing countries have led to a more integrated and globalised international market (De Benedictis and Tajoli, 2011) . Globalisation may exert a positive effect on economic growth by facilitating specialisation among countries according to their comparative advantage and facilitating the transfer of resources across countries (Antweiler et al., 2001) . On the other hand, the increase of trade flows may also have detrimental effects on the environment. In theory, the effect of trade on the environment is ambiguous. According to the traditional theoretical literature, trade affects the environment through three main different channels (Antweiler et al., 2001) : the scale effect states that higher GDP leads to higher pollution; the change in the sectoral composition of a country as a consequence of trade, composition effect, could affect positively or negatively the environmental conditions of a country (e.g. a change from agriculture to industry may lead to higher energy consumption and air pollution while a change from industry or agriculture to service is expected to decrease the level of emissions); and the technique effect that predicts a positive effect of trade on the environment through the use of cleaner techniques of production.
1 Since these are effects of trade between a particular country a and other countries in the world on the environment of country a, we call them direct effects from trade. These direct effects from trade on environmental degradation has been widely examined in the empirical literature. However, there is no agreement as to whether the relationship between trade and environmental quality is positive, negative, or non-existent.
2
Both traditional trade models and empirical evidence on international trade analyse the relation between each couple of countries in Energy Economics 52 (2015) [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] ☆ Authors are grateful to Fran Sánchez Samblas for his research assistance at Universitat de Girona, for helpful comments to participants at VI AERNA conference, and for the comments and encouragement of three anonymous referees. All remaining errors are ours.
E-mail addresses: carlos.aller@udg.edu (C. Aller), l.ductorgomez@mdx.ac.uk (L. Ductor), m.j.herrerias@bham.ac.uk (M.J. Herrerias). 1 Jayadevappa and Chhatre (2000) introduce a new effect based on property rights, e.g. countries with a well-defined property rights are more able to allocate resources efficiently and reduce their level of emissions.
2 Antweiler et al. (2001) found that emissions increases as GDP rises (i.e. positive scale effect) and decreases as trade openness increases. Frankel and Rose (2005) use an instrumental variable strategy to control for the reverse causality between trade and the environmental quality measure and found that trade reduces the level of SO 2 emissions. In contrast, Cole and Elliot (2003) found a negative relationship between income and emissions (i.e. negative scale effect) and a positive relationship between trade openness and emissions. Managi et al. (2009) uses a simultaneous equation model and instrumental variable to estimate the interdependence relationship between trade, income, and the environment. They found that trade improves the environmental quality of OECD countries but increases the level of SO 2 and CO 2 emissions in non-OECD countries.
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Energy Economics j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / e n e c o isolation (Chaney, 2014) . Thus, for a pair of countries a and b, they ignore the effects that other countries' (let say c and d) trade relations may have in the trade relation between a and b. The effects of the trade relations between c and d on the trade relations between α and b are what we call indirect effects from trade. In this paper, we propose two indirect trade (or network) effects: the congestion externalities, which we define as the reduction in the capacity to import environmentally friendly goods, energy-efficient technology, or services from trade partners owing to an increase in trade between trade partners or trade partners' partners. Countries whose trade partners are trading significantly with other trade partners or with trade partners' partners will have lower opportunity to import goods, since resources are limited. Thus, these countries will have to increase their national production, thereby increasing their level of CO 2 emissions. 3 The second indirect trade effect is related to market power. Choi et al. (2014) show that the role of a node (country) in connecting the trade between two other countries defines market power and consequently pricing and efficiencies. Higher trade between two countries, b and c, that pass through another country, a, may increase the market power and bargaining power of the intermediary country, which could be translated into cheaper imports or greater market access and better environmental quality. 4 These indirect effects may be beneficial for the environment if the market power gains outweigh the congestion externalities or detrimental if the congestion externalities outweigh the market power gains. The central focus of this paper is to estimate the indirect effects of trade on the environment. Previous studies that focus only on the directs effects from trade, ignoring the indirect effects, might be underestimating or overestimating the total effect of trade (direct and indirect effects) on the environment. Understanding the role of the indirect effects on the environment is important for policy makers on the design of trade and environmental policies. For example, if for developing countries the direct effects from trade are positive but the indirect effects are negative, an open trade policy might be still beneficial for the environment in developing countries.
To estimate the indirect effects of trade, we first represent all the trade relations between all the countries, the world trade network, in a graph, using a rich dataset on bilateral trade from 1996 to 2010. 5 We then measure the degree of connectivity of a country in the world trade network using five different measures of centrality: outcloseness, in-closeness, closeness, betweenness, and eigenvector. Higher centrality is related to a better strategic position in the world trade network. Finally, we estimate the indirect (network) effects of trade on the environment using these centrality measures. As the position of the country in the trade network may be endogenously related to trade, income, and the environment, we instrument the centrality measures and trade using the growth in the population of trade partners and the growth in the population of trade partners' partners. The main idea is that the higher the population growth of trade partners and trade partners' partners, the higher the trade of these trade partners or trade partners' partners with the country. We simultaneously estimate the environmental equation, together with the network, trade, and income per capita equations, using the three-stage least square estimator. The effect of trade on the environment may also depend on the level of economic development of the country. Trade can increase environmental pollution in developing countries as a result of the trade activity from developed countries, that is, the so-called pollution haven hypothesis (Taylor, 2005) . 6 However, trade facilitates the specialisation of countries according to their comparative advantage; countries abundant in capital (developed countries in general) will tend to specialise in the production and export of pollution-intensive goods, leading to an increase in the level of pollution in these countries (Antweiler et al., 2001; Managi et al., 2009; Termushoev, 2006) . This is the factor endowment hypothesis, which states that factor endowments are the main determinants of trade and its relationship with the environment. In our empirical analysis, we split the sample of countries into two 'highincome and low-income countries' in order to analyse whether the pollution haven hypothesis or factor abundant hypothesis is found in our sample of countries, once we account for the indirect or network effects of trade on the environment. The findings show that once country characteristics have been controlled for, network centrality measures have significant environmental implications. More specifically, having a relevant position in the network (as measured by betweenness centrality) is positive in environmental terms for developing countries but detrimental to the environment for developed economies. Moreover, we find when we focus on the export network that the closer a country is to its trade partners as an exporter, the lower the level of carbon dioxide emissions for developed economies. Finally, we find some support for the pollution haven hypothesis in low-income countries as increases in foreign direct investment lead to higher levels of emissions.
The structure of the paper is as follows. In Section 2, we present the conceptual framework. Data and methodology are described in Section 3, while the results are presented in Section 4. Conclusions are drawn in Section 5.
Conceptual framework
Climate-change policy to prevent global warming has been one of the most important concerns among economists, environmentalists, and policy makers over the last four decades. In addition, gradual trade liberalisation has opened up debate about its environmental consequences among developed and developing countries since the United Nations Stockholm Conference on Development and Environment in 1972 (Jayadevappa and Chhatre, 2000) . Moreover, the progressive introduction of environmental aspects into international trade agreements, such as NAFTA, provides evidence of the awareness of environmental quality in a more globalised world.
Initial works in this area of research started in the context of the Environmental Kuznets Curve (EKC), which predicts an inverted U-shaped relationship between environmental pollution and economic development. However, it has been argued that the EKC provides a limited explanation about this relationship as it does not account for the trade patterns in the original framework (Antweiler et al., 2001) . Subsequent works have introduced trade into the analysis, creating a large body of empirical research, but no conclusive evidence has been found 3 This network effect is based on the co-authorship network formation model of Jackson and Wolinsky (1996) . In their model, the utility driven by the formation of a link between two players, declines as each player forms new links with other players. The idea is that if your co-authors are busy because they are working on many projects at the same time, they have less time to devote to your project, so you will have to devote more time to the collaboration and hence have less time to do other work. Ductor (2015) presents empirical evidence about the existence of these externalities in co-authorship networks. 4 These indirect effects from trade on the environment are defined in details in Section 2. 5 Besides the countries finally included in the analysis ( (Kleemann and Abdulai, 2013) . On the one hand, the pollution haven hypothesis (PHH) can partially explain a reduction in the level of pollution in high-income countries given that there is a transfer of pollution through international trade to developing countries with more flexible environmental regulations (Cole, 2004; Wagner, 2010) . The specialisation of trade can account for this phenomenon as developed countries display comparative advantage in the production of clean products and developing ones do have pollution-intensive production (Wagner, 2010) . On the other hand, the factor endowment hypothesis (FEH) postulates that countries that rely on a comparative advantage in capital and technology will pollute more as their economies become more open to international trade because these factors are used intensively in high-polluting industries (Mani and Wheeler, 1998) . This is contrary to the PHH's prediction and therefore one of the sources of the mixed evidence in the relevant literature (Birsdsall and Wheeler, 1993; Cole and Elliot, 2003; Copeland and Taylor, 2004; Lucas et al., 1992) . In addition, this mixed evidence in the literature has confronted two different economic policy perspectives: the defenders of trade liberalisation, who support the reduction of trade barriers among countries to protect the environment, and those who argue for stronger environmental regulation and a more inward-looking trade policy orientation. Environmentalists, who support the latter view, argue that increases in income and consumption levels lead to an increase in levels of pollution. Thus, an outward-looking trade policy can damage the environment. Of course, these conflicting points of view depend on the source of comparative advantage and the stage of economic development across countries, which might clarify the net effect of international trade on the environment and therefore whether the PHH or FEH explains such a phenomenon. Among the most influential works on the relationship between trade and the environment were those published by Krueger (1991, 1995) and later on by Antweiler et al. (2001) , who argue that there are three potential factors through which international trade can lead to variations in carbon dioxide emissions. First, the scale effect, often measured by per capita GDP, which refers to the effect of an increase in production emissions. Second, the technique effect, which can operate through the process of openness (foreign direct investment [FDI] and trade) as a result of knowledge transfer and the use of less-polluting technologies, preventing environmental degradation (Herrerias et al., 2013) . Third, the composition effect, captured by the share of industrial output over GDP, which can lead to positive or negative effects on environmental quality. For example, one should expect that a change from agriculture to industry leads to an increase in the level of energy consumption, and therefore an increase of the level of pollution. However, to the extent that an economy moves away from industry to the service sector, one should expect the level of emissions to decrease and decouple from economic activity. Jayadevappa and Chhatre (2000) added an additional relevant factor, namely, the environmental externalities coming from common property rights. These authors argued that countries with a lower presence of the state sector and well-defined property rights are able to allocate resources in a more efficient way, leading to an increase in income and a reduction in environmental problems. By contrast, countries with poorly defined property rights tend to exploit and misallocate resources, leading to a reduction in environmental quality.
One of the shortcomings from traditional trade models is that they ignore that international trade is more than an exchange of goods. It is a complex structure in which countries are connected to each other in a world trade network, and bilateral trade among two countries not only affects those two countries but also other trade partners or trade partners' partners. Explicit consideration of the network can provide new insights and can challenge the predictions of the traditional trade models and our understanding of the relationship between trade and global emissions. There are a few attempts in international trade theory to capture the degree of interdependence of countries. Krugman (1980) argued that under the presence of trade frictions, trade patterns can differ as the relative factors prices and therefore the source of comparative advantage are affected. Trade frictions include extensive and intensive margins of trade (the volume and the number of trade partners). Helpman et al. (2008) and Chaney (2014) formalised this model, considering trade frictions and economic geography, respectively, arguing that traditional estimates of trade are biassed in the omission of the extensive margins of trade and asymmetric trade flows among countries. We show in this work that trade frictions captured by the extensive and intensive margins of trade are linked with the world trade network and therefore with our centrality measures, in a similar fashion to Felbermayr and Koheler(2005) .
In this paper, we propose two network (indirect) effects, namely, congestion externalities and market power. On the one hand, for example, an increase in exports from country a to country b may reduce the capacity of other trade partners and trade partners' partners to import from country a, because resources are limited. These indirect effects from trade (or network effects) are what we call congestion externalities (Jackson and Wolinsky, 1996) . Countries that have trade partners trading among themselves will have fewer opportunities to import environmentally friendly goods or technology that leads to energy efficiency. They may also have to increase their national production as a consequence of the reduction in their capacity to trade. Therefore, countries suffering from congestion externalities, i.e. countries whose trade partners trade significantly with other trade partners or trade partners' partners, will have higher levels of carbon dioxide emissions, holding other factors constant.
The world trade network may also reveal information about the market power of each trader. Following Choi et al.'s (2014) model, suppose that there is a source node, S, and a destination node, D. A path between these two nodes is a sequence of edges connecting them. The world trade network is defined by all the nodes (i.e. all the countries in the world) and paths between them. The trade of goods from source to destination may involve intermediaries that post a price to the product, thereby increasing the total cost of the good traded between the source and the destination node. Choi et al. (2014) show that the role of a node in connecting the source and the destination nodes defines market power and, consequently, pricing and efficiencies. Specifically, Choi et al. (2014) define a node as critical if it lies on all the paths between the source and the destination nodes. Critical nodes have greater market power in the trade network, a higher bargaining power in trade negotiations, and more opportunities to reduce their carbon dioxide emissions at the expense of the least critical countries.
To fix ideas, consider the agricultural trade agreements between Russia and the European Union. In 2014, the European Union imposed economic sanctions on Russia over the Ukraine crisis. Russia responded by imposing a trade ban on imports of most of the agricultural products from the European Union, the United States, and Canada. This embargo shaped the world agricultural trade network: the immediate effect was that the agricultural trade links between Russia and the banned countries were removed, so Russia lost criticality in the world trade network. Second, as indirect effects, other countries, such as Israel, Argentina, and the former Soviet republics in the Caucasus and Central Asia increased their agricultural exports to Russia, while agricultural importers from Russia, such as Kazakhstan, had to decrease their agricultural imports from Russia and increase their own production (i.e. Kazakhstan suffered from the congestion externality). Thus, trade relations between, for example, Russia and the United States, should not be analysed in isolation; we should take into account the effect of the European Union or other countries in the relationship between Russia and the United States. The structure of interdependence relations between all the countries in the world trade could be represented by a graph in which countries are nodes and links are defined by the volume traded among all the countries. These interdependence relations can be analysed using methods developed for social network analysis.
Network externalities and the world trade network structure have often been neglected in the empirical literature of international trade, but there are exceptions: Bernard and Jensen (1995) and Bernard et al. (2007) found that is a high heterogeneity in trade flows, partners, and links across countries. Serrano and Boguñá (2003) show that the world trade network satisfies the properties of a complex (and not random) network. De Benedictis and Tajoli (2011) examine the features and evolution of the world trade network. They show that the trading system is becoming more and more interconnected at the same time as heterogeneity among countries is increasing. More recently, De Benedictis et al. (2014) analysed the centrality or criticality of countries in the world trade network. 7 However, to our knowledge, there is no study in the empirical trade literature on how the world trade network structure and network externalities affect key macro-magnitudes, such as environmental quality. Our contribution is to incorporate social network analysis into the empirical international trade literature and estimate the direct and indirect effects of trade on environmental quality. Unlike the traditional approach adopted in the literature, we do not treat the trade relationship between two countries, a and b, in isolation; we also take into account how the trade between countries c and d affect the relations between countries a and b. Understanding these trade interdependences is crucial to accurately estimating the impact of trade on the environment. We expect that changes in the trading network structure will help to further clarify the role played by the PHH or the FEH, as well as the composition and technique effects in the relationship between trade and the environment.
Whether countries should open their economies to trade or promote a more inward-looking strategy to prevent damage to the environment is an interesting question to investigate, not only for trade policy but also for the relationship between trade and the environment. The introduction of the novel aspect of the world trade network in the relationship between trade and the environment can help policy makers to design and link trade and environmental policies for the sustainability of economic growth. However, these effects may differ across countries, making it necessary to separate the analysis into high-and low-income economies.
Data and methodology

The world trade network
World trade can be represented as a weighted network, G. Formally, a weighted network can be depicted as consisting of nodes, N = 1, …, n, and a real-valued n × n matrix g (the adjacency matrix), where g ab,t represents the intensity of the relation between a and b at time t. Following De Benedictis and Tajoli (2011), in our world trade network, two nodes (countries) a and b have a weighted link g ab,t = E ab,t in which g t equals the exported volume from country a to b, E ab,t .
8 The world trade network G t is directed since it is possible that g ab,t ≠ g ba,t . In other words, the volume exported from country a to country b does not necessarily coincide with the volume exported from country b to country a.
9
We consider for our network analysis the total bilateral exports. With this information, we construct for every time period t the world trade network. We use the world trade network and methods developed for social network analysis to measure the criticality of each country in the world trade network and to estimate the indirect effects of trade on the environment. We say that there is a path between a and b in G t if g ab,t ≠ 0, i.e. if there exists a sequence of edges that connects both nodes, a and b. The geodesic distance between two nodes in network G t , d(a, b; G t ), is the length of the shortest path. The main measures of connectivity and criticality that we use in our analysis are the following:
1. Out-closeness measures how close a country is to any other country in the world trade network, where the distance between the countries is weighted by bilateral exports. Formally, the out-closeness centrality, C a,t o , is the inverse of the average weighted distance of a country to other countries within the largest component of the network and is defined as
where n t is the size of the largest component in year t in the world trade network G t . 2. In-closeness, C a,t i , is defined like out-closeness but using a weighted distance based on bilateral imports. Notice that the two centralities, in-closeness and out-closeness, may differ. A country with higher out-closeness centrality than in-closeness centrality is closer to its trading partners as an exporter than as an importer (De Benedictis and Tajoli, 2011). 3. Closeness centrality, C a,t , is defined like out-closeness but using a weighted distance based on total bilateral trade. The higher the closeness centrality of country a is, the closer is the connection between country a and the rest of the countries in the trade network.
The relationship between closeness centralities and the environment is ambiguous. On the one hand, the closeness centrality of country a may increase as a result that this country has new trade partners (extensive margin of trade). Having more trade partners may facilitate the transfer of technology from these new trade partners to country a, resulting in a reduction of carbon dioxide emissions, as a consequence of a more efficient production (see Keller, 2004 , for the effect of international diffusion of knowledge). On the other hand, closeness centrality may also increase if the country is exporting (or importing) more to another country (intensive margin of trade). A higher volume of exports is associated with higher pollution levels in low-income countries because they have weaker environmental regulations. An increase in exports would also lead to higher carbon dioxide emissions in capital-abundant countries if the FEH holds, because these countries would specialise in the production and exportation of pollution-intensive goods. 4. Betweenness centrality, B a,t , is another centrality measure that captures the criticality of a country in the trade between two other countries. A country that is intermediary in the trade between many other countries will have a high betweenness centrality and a high market power and bargaining power in trade negotiations, as they are key countries in the trade of goods between two other countries (Choi et al., 2014) . For example, France is a critical country in connecting the trade between Spain and continental Europe or the United Kingdom, so it is expected that the betweenness centrality of France is higher than the centrality of Spain. France as an intermediary country may have market power in the products exported from the Iberian peninsula and may have more opportunities to import pollution-intensive goods at the expense of less central countries. Thus, we expect that the more central or more critical countries will have lower levels of carbon dioxide emissions. Formally, the betweenness centrality of country a is the frequency of shortest paths passing through node a and is calculated as
is the number of shortest paths between b and c in G t that pass through node a, and τ b,c (G t ) is the total number of shortest paths between b and c in G t .
7 Other studies analysing the world trade network are Garlaschelli and Loffredo (2005) , Kali and Reyes (2007) , Fagiolo et al. (2009) and Serrano et al. (2007) . 8 Notice that the exported volume from country a to b is equal to the imported volume by country b from a. 9 In a directed network, the matrix g that contains all the connections between the different countries is not symmetric.
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Eigenvector. This centrality measures the proximity of a country to many other 'central' countries, so the eigenvector centrality of a country depends on the centrality of the largest trading partners. Formally, the eigenvector centrality is defined as,
where λC
.e. the centrality of a country is proportional to the sum of the centralities of the trading partners, the proportionality factor is given by λ. From Eq. (1), we can observe that C e (G) is an eigenvector of the adjacency matrix g, and λ is its corresponding eigenvalue. We use as a measure of the centrality of a country in the network the eigenvector C e (G) associated with the largest eigenvalue. The idea is that countries with high eigenvector centralities are those which trade substantially with many other countries that are, in turn, trading considerably with many other countries, and so on.
In the next section, we describe the data and rank countries in terms of their centrality or criticality in the world trade network.
Data and descriptive statistics
In order to analyse the direct and indirect effects of trade on environmental quality, we use data from different sources for 177 countries for the period from 1996 to 2010.
We first consider per capita carbon dioxide emissions as a proxy variable of environmental quality. These data come from the World Bank. Carbon dioxide emissions are generally accepted as a consistently defined measure of pollution across a significant set of countries such as ours.
Second, to be able to capture the direct and indirect effects of trade and the environment, we build the world trade network and five centrality measures based on data coming from bilateral trade flows of 177 countries. We obtained the data from the United Nations COMTRADE, via World Integrated Trade Solution (WITS). 10 We use the following as control factors in the estimation of network effect and environment: per capita GDP, the stock of FDI over GDP, the share of industry over GDP, and the quality of institutions. Per capita GDP comes from the World Bank, FDI from the United Nations Conference on Trade and Development (UNCTAD), and the share of industry comes from the Quality of Government dataset (QOG). The quality of institutions measured by economic institutional quality was taken from Kunčič (2014) . The composition effect is captured by the share of industry over GDP, the technique effect is covered by FDI, and the scale effect is captured by per capita GDP. FDI is probably one of the most important channels for knowledge transfer from developed and developing countries; healthier institutions lead to higher innovation capacity and stronger environmental regulations, while per capita GDP is a traditional factor in the relevant literature on trade and environment. We introduce the potential non-linearities between environment and per capita income (the EKC) into our model by adding the square of per capita GDP. Finally, we perform a set of robustness analyses by considering alternative measures of environmental quality, such as SO 2 emissions. In the Appendix, we report the details of the data used in this paper.
As we cover a large sample of countries and one of our aims is to test whether the PHH or FEH is present in our data, we split the sample of countries into two. First, we take into account the low-income countries ($4085 or less) and then high-income ($4086 or more) economies according to the World Bank February 2014 gross national income per capita classification.
Descriptive statistics are reported in Table 1 . We observe that, on average, high-income countries are significantly more polluting. They have better institutions and the weights of FDI and industry output are slightly larger. Moreover, high-income economies trade more and are more centrally in the world trade network, considering the five indicators outlined. For example, the betweenness centrality is on average three times larger for high-income countries than it is for low-income economies. Table 2 lists all the countries included in the final estimations, ranked by the trade centrality measure. The most central countries in terms of betweenness centrality are the United States, Germany, France, the Russian Federation, and Japan. These countries are 'regional hubs'; the United States plays an important role in American trade, Germany and France likewise in European trade, the Russian Federation in trade among the central Asian former Soviet republics and the countries of the Caucasus, and Japan in Asian trade. Notice that richer economies are better ranked in terms of centralities even though the rankings of the various centrality measures differ significantly. For instance, Russia ranks 4th for betweenness centrality while it is the 30th for in-closeness; Vietnam is the third economy for out-closeness and 47th for betweenness; and Kazakhstan is second for out-closeness, 42nd for eigenvector, 51st for in-closeness, and 95th for betweenness. This disparity justifies the use of several measures of centrality, because they capture different characteristics of the network.
Country-specific information obtained by averaging CO 2 per capita emissions and trade and centrality measures across time is shown in Fig. 1 . We observe a positive correlation between volume of trade (which increases with per capita income) and carbon dioxide emissions. A similar pattern is observed for out-closeness and in-closeness centrality measures. However, for eigenvector and betweenness, the relationship is not so clear. Fig. 2 shows time-specific information by averaging CO 2 per capita emissions and trade and centrality measures across countries. Results 10 Bilateral trade is recorded in nominal US dollars by WITS. Imports information is more complete than exports information is. For this reason, the network is constructed by taking the imports value, recorded in cif (cost, insurance, and freight). Whenever this information is missing, we take the exports value, if it exists, recorded in fob (free on board). Some observations are recorded as a zero and others (the majority) are missing. In this paper, we will consider both kinds of observation as no trade, because there is limited consensus in the literature about the share of true zeros and missing values (Sato and Dechezleprêtre, 2013) . 
Empirical strategy
Our aim is to estimate the direct effects from trade (i.e. scale, technique, and composition effects) and the indirect effects from trade (i.e. congestion externality, criticality) on environmental quality. In order to distinguish between direct and indirect trade effects, we consider two different specifications for the per capita emissions model. The first specification includes as determinants of per capita emissions a network centrality variable, per capita GDP and its quadratic term, stock of FDI (as a percentage of GDP), industry output share, and economic institutional quality. Using i to refer to countries and t to refer to years, the first specification of the emission model is as follows:
where c it is the level of CO 2 emissions measured in metrics per capita, α i refers to country fixed effects and control for time invariant factors, such as cultural factors and geographical situation, among others, μ t refers to year fixed effects and captures world oil prices, changes in technologies, environmental regulation, and relevant taxes and subsidies (Judson et al., 1999) . Z it refers to any of the trade network centrality measures described in Section 3.1: eigenvector, betweenness, out-closeness, incloseness, and closeness. It captures direct and indirect effects from trade because the network measure of a country may vary, either because its trade partners or trade partners' partners are trading more between themselves (indirect variation) or because the country is trading more with others (direct variation). The per capita GDP, log(GDP), and its quadratic term, 'scale effect,' are included to test the EKC hypothesis. The industry output share of GDP, Ind it , controls for the 'composition effect,' i.e. the effect caused by trade liberalisation to the structure of the economy of a country through its specialisation in activities that present a comparative advantage. Stock of FDI (as a percentage of GDP), FDI it , captures the 'technique effect,' i.e. the effect of trade on the environment driven by the transfer of modern technologies across countries. Instit it controls for the quality of economics institutions; countries with better economic institutions are likely to have stricter environmental policies and are more likely to respect international environmental agreements, so an increase in quality of institutions will result in a decline in pollution.
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The second specification of the emissions per capita model includes total trade for Eq. (2),
where log(Trade) it is the sum of exports and imports of country i at period t. The trade variable controls for the direct effect of trade, i.e. the effect of increasing the volume of imports and/or exports of country i on environmental quality while holding income, FDI, institutions and indirect (network) effects from trade constant. In Eq. (3), the network variable, Z it , only captures indirect effects from trade, such as how an increase in trade between countries h and k affects the trade relationship between countries i and j, since direct effects are captured by trade. As trade, income, and the network variable are endogenously determined, we estimate a system of structural equations where some of the equations contain endogenous variables among the explanatory variables. The income equation is taken from Baghdadi et al. (2013) . We regress per capita GDP, log(GDP) it , on lagged per capita GDP, population, investment, human capital formation, year dummies, and country dummies.
12 The trade equation is based on a gravity model of trade. We regress trade on population, land area, year dummies, country dummies, the network variable, trade partners' population, and trade partners' partners' population. We propose trade partners' population of country i and trade partners' partners' population as new instruments in the literature to obtain exogenous variation of trade. The idea is that the higher the population of trade partners of country i is, the greater are the needs of these trade partners to import goods from country i. Thus, we expect that an increase in population of trade partners and trader partners' partners will result in an increase in the total trade of country i. The increase in population in trade partners of country i is assumed to be exogenous to the characteristics of country i. Finally, the network equation is similar to the trade equation; the dependent variable is a network variable described in Section (3.1) and the regressors are population, land area, income per capita, year dummies, country dummies, trade, trade partners' population, and trade partners' partners' population. The income, trade, and network equations are jointly estimated, together with the emissions per capita model using a three-stage least squares (3SLS) procedure.
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In the next section, we present the results of the emissions per capita equation using a 3SLS to account for the simultaneity between trade, network, income, and emissions per capita. 
Results
In columns 1 and 2 of Tables 3-5, we present the results of the emissions per capita model when we include as a measure of centrality the eigenvector for the whole sample, developed countries and developing countries, respectively. Eigenvector measures the degree of connectivity of a country to the most central countries in the world trade network; thus, for example, the United States is the country with the highest eigenvector centrality because it trades with many other countries that are, in turn, trading substantially with many other countries. We observe that once we account for the direct effects of trade (column 2), eigenvector is positive and significant for high-income economies but negative and statistically significant for low-income countries. Highincome countries that trade substantially with other countries that also trade with many other countries may not benefit significantly from their higher centrality. That higher centrality may not be translated into greater market access because these countries are likely to already be involved in several trade agreements. On the other hand, an increase in eigenvector for low-income countries, holding trade, income, and other factors constant, would imply that the trade partners of these low-income countries are trading with many more countries, which are also trading with many other countries. This increase in proximity to the most important countries in the world trade network may facilitate the creation of new links in the future (thus increasing market access), the imports of environmentally friendly goods and the transmission of knowledge from central countries in the world trade network, leading to a reduction in the levels of carbon dioxide emissions. 13 We first attempted to estimate the system of equations using the GMM estimator since the GMM is more efficient than 3SLS under heteroskedasticity. Unfortunately, given the large number of parameters to be estimated, we had convergence problems (not concave function) when we implemented the GMM approach, hence we adopted the 3SLS approach. As pointed by Altonji and Segal (1996) and Ziliak (1997) , GMM estimators that use many overidentifying restrictions, as in our case, can have very poor finite sample properties. The 3SLS is adopted because it is more efficient than the 2SLS, since the 3SLS takes into account intertemporal correlation between the error terms of each equation. 14 For the sake of brevity, the income, trade and network estimated equations are not presented. The results are available upon request to the authors. In the tables, the Wald F-test of joint significance of the instruments and the Hansen J test for overidentifying restrictions imply that the instruments used in the 3SLS estimation are enough correlated with the eigenvector variable and valid. The criticality of a country, i.e. the importance of a country as an intermediary in the trade between other countries, is captured by the betweenness centrality (Choi et al., 2014) . This variable measures the number of shortest paths from all countries to all other countries that pass through that country and captures the role of a country as a hub in the trade network (De Benedictis and Tajoli, 2011) . Higher betweenness centrality would imply that the country is becoming more important in connecting the trade of other countries in the world; in other words, their criticality or brokerage power is higher. The results from the betweenness centrality analysis (see columns 3 and 4 of Tables 3) show that greater criticality in the world trade network is associated with lower carbon dioxide emissions. However, this effect depends on the level of economic development of the country. We find that, holding trade volume fixed, if a high-income country's criticality increases, as a result of higher trade among trade partners or trade partners' partners, environmental quality is harmed. This lower environmental quality may be explained by congestion externalities and our instrumental variable strategy. Our instrumental variable strategy exploits exogenous variation of trade and betweenness centrality using variation in the population of the country and in the population of trade partners and trade partners' partners. If trade partners of country i are trading more among themselves or among trade partners' partners because their populations are growing, they have fewer resources and less technology available to export to country i; consequently, country i may have to increase its production or import goods that are less environmentally friendly, thereby increasing the level of carbon dioxide emissions. In contrast, we find evidence of a positive and statistically significant relationship between betweenness and environmental quality for lowincome economies, once we control for the direct effects of trade. Low-income economies with higher betweenness centrality (higher criticality) may gain higher market power and market access because their more important role as an intermediary in the trade of all the other countries may facilitate their participation in trade agreements and increase their bargaining power in trade deals. Thus, their higher market power, as a consequence of their better position in the network, may lead to an increase in imports of energy-efficient technology and imports of environmentally friendly goods through two channels: greater market access thanks to new trade agreements and higher market power that may decrease the final price of the goods imported. This transfer of technologies, imports of goods that are more environmentally friendly, and diffusion of knowledge from other countries in the world trade network may result in better environmental quality.
Notice that high-income countries have, on average, a centrality that is three times higher than the centrality of low-income economies (see Table 1 ). The positive effect of betweenness on the levels of carbon dioxide emissions for high-income economies and the negative relationship between betweenness and carbon dioxide emissions for low-income economies suggest the existence of a threshold value after which the betweenness or criticality of a country has a negative effect on environmental quality. Countries with high betweenness centrality have less scope to increase their market power from a better strategic position in the world trade network because they are already involved in many trade agreements, the increase in their bargaining power in trade negotiations is limited and they are likely to already have an energy-efficient production system. Thus, for high-income economies, the negative effects of congestion externalities on the environment exceed the gains from market power. With regard to the out-closeness centrality measure, we find it significant and environmentally positive for high-income countries. In particular, a 1% increase in out-closeness, i.e. the proximity of the country to its trading partners as an exporter, leads to a decrease of 4.46% in the level of carbon dioxide emissions, holding trade and other factors constant. Being closer to trade partners as an exporter may facilitate the transfer of knowledge (e.g. production techniques that are more environmentally friendly) from these trade partners to the country, leading to a decrease in the level of carbon dioxide emissions.
No significant effects are found for the in-closeness centrality, but they are for closeness centrality in the case of low-income economies. Contrary to high-income and out-closeness case, being closer to trade partners both as an exporter and as an importer at the same time (closeness centrality) is environmentally detrimental for low-income countries (columns 9 and 10 in Table 5 ).
The results presented in Tables 3-5 show that the direct effects of trade on environmental quality are negative. In most of the regressions, we find that trade is positively related to the level of carbon dioxide emissions, holding the position of the country in the trade network and other factors fixed. In other words, once we account for the scale, composition, technique effects, and network effects from trade, we still find that trade volume is detrimental to the environment regardless of the level of economic development of the country.
We have included other relevant factors in our study. The composition effect is measured by the share of industrial output as in Panayotou (1997) . Results show a positive sign when significant for the whole sample of countries examined (Table 3 ) and for the high-income countries (Table 4 ), indicating that there is much room for improvement in the battle against environmental degradation by promoting policies aimed at change across sectors. However, in the case of low-income countries, the effect is insignificant. This result, robust once we consider other types of pollutants, such as SO 2 , can be understood as part of the disparity found in the literature regarding the contribution of sectoral shifts to energy intensity, as pointed out by Garbaccio and Jorgenson (1999) .
Moreover, the level of per capita GDP, namely, the scale effect, contributes to environmental degradation. Consistent with the EKC, we find a turning point, captured by the square of per capita GDP, which indicates that as long as countries are more developed, there is a decoupling behaviour between the level of emissions and per capita GDP (Tables 3-5 ). This result is found not only for the whole sample of countries but also for high-and low-income economies. The inverted U-shaped relationship between economic growth and CO 2 emissions is also found in Cole et al. (1997) , Galeotti and Lanza (1999) , Apergis and Payne (2009) , Lean and Smyth (2010) , and Saboori et al. (2012) . Once we analyse SO 2 emissions, we do find some evidence supporting the EKC, but it is not robust for all the specifications considered in our work. This finding suggests that the EKC depends critically on the type of pollutant examined.
The technique effect is captured by FDI. According to our results, FDI is one of the mechanisms in improving the environmental degradation measured by carbon dioxide emissions in the case of the whole sample and high-income countries. The use of advanced technology and better managerial skills by multinationals improves environmental quality. This finding is aligned with the results obtained by Mielnik and Goldemberg (2002) and Perkins and Neumayer (2008) . However, our results also support the PHH in the case of low-income countries, as Acharyya (2009) does in the case of India. We found that in these economies, the presence of multinationals leads to a higher level of carbon dioxide emissions. These companies often search for new locations for their plants where the environmental regulations are less strict and environmental awareness is lower than in high-income countries. However, when we consider other pollutants that are more locally focused, such as SO 2 emissions, we do not find any effect (see Table 6 ).
Finally, we have included the quality of institutions in our analysis. Our results suggest that the quality of institutions is a relevant factor in reducing carbon dioxide emissions, especially in low-income countries. This is consistent with previous evidence, such as that of Panayotou (1997) , who argued that policies and institutions can significantly reduce environmental degradation, even if a country's income level is low. In addition, as pointed out by Farzin and Bond (2006) , democracy has been considered a conduit through which agents can exercise their preferences for environmental quality more effectively than under an autocratic regime. There is an exception in our results for high-income countries, which is that economic institutional quality increases the level of emissions when it becomes significant. In these economies, the quality of institutions does not show too much variation and probably cannot offset the effects of further growth, leading to an increase in the levels of emissions. This unexpected finding is aligned with relatively recent evidence, like that of Hosseini and Kaneko (2013) , who find that democracy can increase environmental degradation.
Conclusions
The relationship between trade and the environment has generated a large body of empirical research in the literature. However, the evidence is mixed. We argue in this work that the mixed evidence in the relationship between trade and the environment can be explained in part by the omission of the indirect (or network) effects of trade in the traditional trade models. We propose two indirect effects from trade: congestion externalities and market power. The explicit consideration of indirect effects in the world trade network provides new insights into the relationship between trade and the environment. The indirect effects are estimated using the world trade network, constructed using bilateral trade flows from 1996 to 2010, and centrality measures to establish the degree of inter-connectivity of each country in the world trade network. Because these network measures, income, trade and environmental quality are endogenously determined, we estimate the environmental, trade, network and income equations simultaneously, using the three-stage least square estimator and instrumental variables. We also split our sample into high-and low-income countries to test the PHH and FEH. Moreover, we control our estimates by traditional factors, such as the scale effect, composition effect, the technique effect, and other country-specific characteristics.
Our results show the relevance of the trade network for environmental implications. Not only does the volume of trade affect environmental quality but so also does the position of each country in the world trade network. We find that indirect effects improve environmental quality in low-income countries but have a negative impact on the environment of high-income economies. In addition, we find evidence of the technique effect captured by FDI. However, results differ between high-and low-income countries. Our findings suggest that the entrance of multinationals into developing countries damages environmental quality, supporting the PHH. We also find evidence for the EKC in our sample of countries.
Finally, the composition effect is the real challenge for environmental policy because when it is significant, it shows a negative effect on the environment. By contrast, the quality of institutions seems to play a critical role in improving the environmental quality but only in developing countries. Significant policy implications emerge from our results. First, strategic market power in international trade agreements seems to play a relevant role. Second, a stronger environmental policy in developing countries for multinationals may help to alleviate environmental degradation. Third, policies aimed at promoting a shift from heavy to light industry and/or towards the service sector may help to improve environmental quality. Finally, policies that foster economic development may help countries to decouple from level of emissions.
Appendix A. Description of variables and data ources -GDP per capita (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) : Gross domestic product divided by midyear population. GDP is the sum of gross value added by all resident producers in the economy plus any product taxes and minus any subsidies not included in the value of the products. It is calculated without making deductions for depreciation of fabricated assets or for depletion and degradation of natural resources. Data are in current U.S. dollars. Source: World Bank. -CO 2 emissions (1996-2010 annual in kilotonnes per capita): Carbon dioxide emissions are those stemming from the burning of fossil fuels and the manufacture of cement. They include carbon dioxide produced during consumption of solid, liquid, and gas fuels and gas flaring. This indicator is constructed as explained in Kunčič (2014) ) using a set of institutional proxies for: financial freedom, business freedom, regulatory quality, freedom of the press, freedom to own foreign currency bank accounts, credit market regulations, labour market regulations, business regulations, foreign ownership/investment restrictions, capital controls and investment profile. Source: Institutional Quality Dataset. 
